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SUMMARY

During the last six months period, we have up-graded the LADA
apparatus by installing many new features, such as the 1iquid nitrogen cooled
cryo-panel, a pair of x-y optical scanners and a Hg source to provide a Hg
back pressure in the vacuum chamber. These modifications are based on the

need of the system and are expected to {mprove the performance.

Technically, we have completed the study of laser induced evaporation
using mass spectroscopy. We have also examined the problem of splashing micro
particles onto substrate during laser evaporation and devised solutions.
Finally, we studied the laser annealing process on HgCdTe. Some unexpecting

results due to rapid resolidification wiil be presented.

iv
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1.0 INTRODUCTION

1.1 Program Objective

The main objective of this program s to explore and develop a novel
epitaxial technique for the growth of HgCdTe system. The process {s named
LADA, It combines the use of laser evaporation and in situ laser annealing.

Potentially, this technique can be applied to many other materials.

1.2 Overall Program Plan

Due to the pioneering nature of the subject, the program plan was
divided into three phases. Work in Phase I {nvolves equipment purchasing,
system design and constructfon. Experimental work started tn Phase II. These
experiments served two purposes, to discover the design flaws of the apparatus
and to provide guidance for modification. In addition, they were used to
study the fundamental properties such as the growth rate, the stoichiometric

control, and the laser annealing processes etc. Once a routine operation is

established, we will start Phase 1I1. The purpose of the final phase is

“ e e

§ growth optimization and material characterization. Our current activities
have been mainly involved with the work in Phase 11 with some ventures into

Phase I11.

1
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1.3 Accompl{ishments

The accomplishments during this six-months period can be divided into

the areas of apparatus modification and technical achievements.

1.3.1 Apparatus Modification

We have modified the LADA apparatus by the following additions:

A. The addition of two liquid nitrogen cooled panels inside the
vacuum chamber. One panel located just behind the substrate
holder and the other one is around the source holder. These
cryo-panels trap the uncondensed beam particles to prevent

multiple collisions.

B. We have installed and aligned two sets of x-y galvanometric
mirror scanners. They are used for scanning the laser beams
over the substrate and source surfaces for annealing and

evaporation respectively.

C. We have installed a heated quartz plate just in front of the

vacuum laser window to prevent the window clouding during

evaporation. This provides a temporary solution to the problem.

D. We have installed a Hg source which {s {solated from the main

chamber through a valve, Its temperature can be regulated to -?

2 , 1
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supply a back pressure of Hg ranging from 10~2 torr to 105 torr §

in the main chamber during evaporation. 5

Technical Achievements

A romv e S

A. We have analyzed the chemical identity of the evaporants by

using mass spectroscopy under different laser scanning rates.

T - g g

The results can be interpreted in terms of the slow cooling rate

of this material.

B. We have studied the effect of splashing micron size molten

particles onto the substrate during laser evaporation.

e L R Sy ey

Solutions to this problem were devised.

C. We have studied the interaction of a high power laser with a
crystalliine HgCdTe surface systematically. Three types of

interactions were identified. They are: vaporization, slow

S prrmr———

solidification and rapid solidification. k

D. We have studied the effects of laser annealing on HgCdTe thin
films both after and during (in situ) deposition. The laser
annealed sample showed a surface with features typical of the
condensation from 1{quid phase. In one case, the surface showed

triangular 1{ne pattern characteristics of the <111> crysta)

3
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orientation. This was also verified by Laue x-ray reflection

measurements,

We have used pellets of HgTe and CdTe powder mixture as evapora-
tion source material. The film quality is harder to control
than by using bulk sources. There is an excessive amount of

splashing.

4
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2.0 TECHNICAL INFORMATION

2.1 Background

In the last semi-annual report, we pointed out that the two most
severe obstacles in depositing thin HgCdTe film by laser pulse were the
splashing of the source material and the control of a congruency evapora-
tion. Our efforts in this six-month reporting period were aimed toward

solving these problems.

Another area which needs improvement is to develop a new source of
evaporating materials. At the start of the program, we evaporated slices of
bulk HgCdTe. However, this is not a practical choice because bulk material {is
costly, not readily available and does not have the flexibility in composition
adjustment. We choose the cold-pressed homogenized powder mixture of HgTe and

CdTe as an alternative.

2.2 Experimental and Results

2.2.1  Splashing Effect

When a laser beam with sufficient energy impinges on a solid surface,
it vaporizes the surface substrate into atoms, molecule and molecular clus-
ters. If the power level is very high, the surface can also erupt with hot
solid particles and/or molten droplets. This phenomenon s known as the

"splashing effect.”l The resultant film shows extremely poor morphology and

S
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crystalline quality. High speed photographic study of the laser generated
plume showed that such microparticles were ejected with a velocity of

approximately 106 cm/s. These impacts could induce damage in the £i1m.2

Splashing occurs when the sub-surface material is heated above its

bot1ing point before the surface material is completely vaporized. Under such

circumstances, the remainder of the top surface material can explode in the

R AT N

form of small particles. A common solution to avoid this problem is to lower
the laser power and reduce the pulse width. By lowering the peak power, the
surface temperature is lowered and the reduction of the pulse width 1imits the
depth of the heat penetration. Such practice would meanwhile drastically

reduce the evaporation rate and therefore not practical.

There are two viable approaches to minimizing this problem. They are
the use of proper source-substrate geometric arrangement and the use of in

situ laser annealing.

In almost all the previous work on the thin film growth laser

evaporation, the substrates located very close to the laser beam. We found

that this arrangement is most susceptable to the splashing. An off-axis
mounting will be much better. When the sub-surface superheats, the
microparticles leave the surface with a very high velocity in the direction
normal to the surface. The velocity components parallel to the surface are

! much slower. The large differences in these velocity vectors tend to confine
the microparticles within a small cone around the normal. The 1{ghter

evaporated specfes such as atoms, molecules and clusters have higher lateral

6
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velocity components, thus wider angular distribution. If the substrate is

placed outside the central cone yet still intercepting the evaporated

molecules and clusters, the splashing effect can be avoided. P

A simple experiment was performed to verify this prediction. A

number of polished substrates were placed at equal distance to the evaporation

source on a circular holder. After 30 minutes of deposition, with high power
laser pulses (7 x 107 H/cmz. 1500 Hz, 100 n sec), the film thickness were
measured and the microparticle densities on the surfaces were counted. Their
angular dependence should reflect the spatial distribution of the atoms
(molecules amd clusters) and the micro-particles in the evaporants respec-
tively. The results are shown in Fig. 1 and Fig. 2. The angular distribution
of the film thickness (i.e., the atomic, molecular and cluster species) has a
<cos3 0> dependence while the angular distribution of the splashed particles
shows a <cos8 6> distribution and indeed they concentrate more near the
normal. Therefore we can place the substrate at some angle off the normal
axis to avoid the splashing. For example, in this case, the splashing effect
can be nearly eliminated by placing the substrate at 45° from the normal. The
trade-off is a four-fold reduction in the deposition rate. The proper chofce

of the substrate location varies for different laser conditions. The

= compositional uniformity of the evaporants at various angles should also be
examined.
In addition to the above approach, we also found that the splashed

particles can be removed effectively by in situ laser annealing. The adhesion

of the splashed partfcles to the substrate surface is very weak. Therefore,

7
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when the substrate is scanned with medium power (~ 107 H/cmz) laser pulses,
the energy absorbed at the interface between the particle and the substrate
surface is sufficient to remove these particles. An example is given in

Fig. 3. It shows the surfaces of two different areas on the same film with
(Fig. 3a) and without (Fig. 3b) in situ laser annealing. The laser pulses
were defocused to a spot 0.3 mm in diameter. At the edge of this circular
region the power density is 107 H/cmz. The beam has a pulse frequency of 6
kHz with pulse width of approximately 150 nsec. The in situ annealing beam
was directed onto the substrate intermittently by a mirror mounted on a
rotating wheel. The details were described in our last semi-annual report.
The area without in situ laser annealing shows a large density of splashed
particles. On the area with in situ laser annealing, the surface {s much
smoother. Most of the splashed particles were removed. There are still
particles left on the surface, some of them are half buried. We believe that
it is due to the optical arrangement. Since the mirror which directs the
laser beam onto the substrate for annealing {s mounted on a rotating wheel,
the substrate surface is only exposed to the laser radiation for short
intermittent intervals. In the present setup, the mirror intercepts the laser
beam for laser annealing once every 30 seconds. Each annealing process lasted
about 2 seconds which was too short for the laser beam to be scanned over the
entire area of 3/4 inches and 1 inch. Therefore, there were be some "dead"
areas. Splashed particles in this area did not experience the annealing laser
pulses and were buried by the arrival of more evaporants. In order to

circumvent this problem, in situ laser annealing has to be carried out

10
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(a) WITH IN SITU LASER ANNEALING

(b) WITHOUT IN SITU LASER ANNEALING

Fig. 3 Surface morphology with and without in situ laser annealing.
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continuously during the deposition process. We have replaced the rotating
mirror with a fixed beam splitter. The surface of the beam splitter {s coated
for 70% transmission and 30% reflection at 1.06 um wavelength. Power density
of the in situ annealing laser beam can be adjusted independently by focussing
and defocussing the lens. Experiments with the new arrangement will be

carried out shortly.

2.2.2 Evaporants Analysis Studies

In the previous semi-annual report, we reported the results of a mass
spectroscopic analysis of the evaporants during a slow laser scan. Our
results indicated the presence of a large amount of free Hg atoms. We
reasoned that the production of free Hg atom was due to the accumulation of
heat during a slow scan. We speculated that if the pulse rate was high enough
such that there is no overlap of laser pulses, then the generation of free Hg

atoms would be greatly reduced.

To verify this prediction, we installed a galvanometric mirror
scanner to scan the beam over the source surface. We measured the mass
spectrum of the evaporants when the scanner was operated at the highest
attainable frequency (~ 100 Hz). The mass spectrum under this condition {is
shown in Fig. 4. The previous result is included in Fig. 5 for comparison.

Indeed, the fast laser scan generates evaporants with a lower free Hg content.

12
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In order to obtain some quantitative insight of this problem, we made
an effort to calculate the temperature of HgCdTe surface after the irradiation

of a 100 ns duration Taser pulse,

Temperature rise due to laser heating can be calculated by solving
the differential equation for heat flow. If we 1imit ourselves to a single

material phase, the following assumptions can be made to simplify the problem:

A. The heat flows in one-dimension from the surface to the

interior.

B. Neglect the blackbody radiation loss and ignore the latent heat

associated with a phase transition.
C. All physical constants are temperature independent.

Under these conditions, the differential equation for heat flow into

the interior with a boundary at x = 0 {s:

2
3°T(x,t) 1 3aT(x,t) Alx,t)
"";;i__'° 1("'5!1"- - - ..Jﬁt__ (1)
15
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where T is the temperature, t the time after the turn-on of the laser pulse, k

the thermal diffusivity, K the thermal conductivity and A is the radiation

power density per unit time. The fnitial and boundary conditions are:

T(x,0) = 0

T(x,t) + 0 as x + » (2)

For a step source (such as the turn-on of a CW laser):

A(x,t) =0 for t <O
Alx,t) = (I - R)I e~ for t >0 (3)

where R 1s the reflectivity, I, is the power density and a is the absorption

coefficient. The solution of Eq. (1) can then be expressed in terms of the

complementary error function (erfc) and its integral ({erfc):

16
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T(x,t) = (1 - R) (21 K)(kt) terfe Dx/2(et)}/2) - 1 6™ Ka

2
+ (1 /2a)e® ¥ erfe  (kt)!/2a - [k/2(kt)}/2)

PETAR e

2
+ (1 /2ka)e® Ko erfe (k)12 o+ [x2kt) 121 (8)

For pulsed operation, the laser pulse can be approximated by a number of

PRI SRR o BRI WD NG Vel A7~ 4.

successive steps and the solution corresponds to the superimposition of i
Eq. (4). Using HgCdTe as an example, R = 0.3, a = 10-4 em"1, x = 0.1

W/em - K°, k = 0.09 W cm?/s. We have calculated the surface temperature
evolution for both the CW (6 x 10% w/cm?) and pulsed (5 x 107 W/cm) radia-
tion. The power density quoted here 1s typical in our experiments. The 200

ns duration pulse is replaced with a three step approximation. The results

it Ay

are shown in Fig. 6. The pulsed radiation produces very high surface
temperature with rapid heating and cooling rate. The fast cooling rate
indicated by the calculation disagrees with our reasoning about the mass
analysis of the evaporation. According to the calculation, the surface
temperature cools down to 300°K in the period of time as short as 0.1 ms after
the laser pulse. If so, the heat accumulation due to overlapped pulses at a

few thousand Hg should not occur. We think that the discrepency s in the

17
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over simplification of the calculation, because the assumption of constant
physical parameters is no longer valid after the surface temperature exceeds

the melting point.

2.2.3 Pulsed Laser Induced Melting and Resolidification Morphology
on HgCdTe

Our work requires an extensive knowledge on the interaction of laser
radfation with a HgCdTe surface. For example, the threshold values of power
density for melting and evaporation can be very useful. Unfortunately, such
information is very sparce in open literature. The only work which is

remotely related to the subject is a series of experiments by Bantoli in a

study of laser damage to HgCdTe photoconductive detectors. In these
experiments, they measured the laser power for the onset of damaging a HgCdTe
photoconductor. Pulses with various durations from a 10.6 um CO, laser were

used. For a 10-7 s pulse, the threshold value was about 107 W/cm?, However,

their work dealt only with the detector performance before and after the laser

irradiation. The morphological change was overlooked.

This prompts us to carry out a systematic study on the laser-surface
{nteraction under a normal LADA condition. Short (10‘7 s) high power radia-
tion can cause fast heating and cooling rate up to 10% °C/s. For a compound
semiconductor material, such a HgCdTe, 1t {s possible that the system cannot
| readjust 1tself to an equilibrium state in such a short time and therefore it
, ] may lead to a new kind of phase transition kinetics. For example, as shown in
Sectfon 2.2.2, the evaporation under this condition is not an equilibrium

19
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process. In this section, evidence is presented that a single crystal HgCdTe
surface may be transformed into an amorphous layer, following melting induced

by a short pulse.

In our experiments, a Q-switched Nd*2:vAG system produced pulses with
an average duratfon of 200 ns at 10.6 um wavelength. The laser beam was
focused onto the sample surface after a 5 to 1 beam expansion. Average power
and the pulse shape were measured with a factory calibrated photodiode. The
beam profile, shown in Fig. 7, was measured by moving a 25 um diameter pinhole
ifn front of the photodetector at the focal plan. The beam shape is Gaussian
with a FWHM of 80 um. Samples used for irradiation were 20 um thick
Hgy, gCdg, oTe grown by LPE technique on <111> CdTe substrates. The beam scan-
ning rate was adjusted such that the pulse to pulse distance was about 80
um. In other words, there was an overlap of one third of the area between two
successive pulses. Irradiation took place either in the open atmosphere or in

a 10'7 torr vacuum. The results did not depend on the ambient enviromment.

A typical surface morphology after laser radiation {s shown in
Fig. 8a. The important features are outlined in Fig. 8b for a more clear pre-
sentation. Depending on the power level, there are three distinctive regions

of interaction:

1. Material evaporation commences at the center of the spot.

2. In the outer peripheral region, there is the formation of a ring
area which has higher reflectivity than the norma) epilayer and

20
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Fig. 8 Surface morphology of an epilayer after laser annealing.
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hence shows 1ight color. When a train of pulses were scanned of
the surface with a slight overlap, the individual rings merge
together to form a series of open circles. Their diameters

i:.crease in size with higher power density.

3. The area between the above two regions does not show any visible

change.

The structure of the surface layer was examined by x-ray topogra-
phy. Results showed that the central region was highly damaged, whereas the
outer region was still single crystal just 1ike the unexposed area. The
topograph could not resolve any structural difference in the highly reflective
ring area, perhaps due to the insufficient thickness. By correlating the
diameter of these regions to the beam profile, we found that a threshold power
densities of 6 x 107 W/cm? for evaporation and 2 x 107 W/cm? for the formation
of the highly reflective ring. In both cases, the onsets were very sharp.

One plausible explanation to account for the appearance of the light
colored ring area fs the formation of an amorphous layer. The mechanism can
be described in the following.

When a single crystal HgCdTe surface absorbes a 200 ns laser pulse,
its surface temperature rises rapidiy. Evaporation takes place in the central
area where the power density exceeds 6 x 107 u/clﬁ. In the outer region,
surface temperature is lower and the surface material can only pass into the
Tiquid state. The boundary of the melt is marked by the highly reflective

R AR B e N
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ring area. The minimum power requirement {s therefore 2 x 107 H/cmz.
Resolidification takes place after the pulse tails off. The final state is
determined by the crystal growth speed and cooling rate. For any semicon-
ductor material, there is always a 1imiting maximum growth rate u for
crystallization. For example, Spapean and Turnbul13 have calculated for Ge u
= 10? cm/s. The limiting growth rate for HgCdTe will certainly be much slower
due to its compositional complexity. If solidification occurs at a faster
rate than u 1t will be possible for an amorphous solid phase to nucleate
first. The melting temperature of amorphous HgCdTe {s not known, but it
should be lower than the melting point of the crystal structure. If a HgCdTe
1iquid layer of thickness d is supercooled well below this temperature in a
time short compared to d/u, f.e., d/u > tcooling' amorphous solid phase can
be formed. After the laser pulse has created a circular region of melt, the
temperature at edge of the melt will be the lowest and it will be the first to
cool down. Therefore, {f the condition for amorphous phase formation is to be
fullfilled, 1t must be first fullfilled by the material at the edge of the
melit. The formation of amorphous state will be a ring area. The melt
thickness can be approximated by the thermal diffusfon length:

d= (21)1/2 (s)
where k 1s the thermal diffusivity and v {s the pulse duration. For HgCdTe,

under the present conditon, the melt {s approximately 0.6 x 104 cm thick. A
c001ing time of 10~7 s will yield the maximum crystal growth rate to be: u =

2
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(tcooling/d) = 6 x 102 cm/s. The actual value will be even smaller, since our

mass spectroscopic studies indicate a slower cooling rate. This limiting

growth rate is two orders of magnitude slower than that for Ge. In an early
study S also exhibits the formation of an amorphous ring after pulsed v

heating.4 Except such pulses must be very short with duration between 10-11

second and 10-12 second. ;

It is worth to point out another interesting feature. When a train
of laser pulses scanned across the sample surface, the amorphous ring formed
by the previous pulse was recrystallized by the next pulse in the overlapping
area. Consequently, a series of open circles was formed. This observation
means that the amorphous HgCdTe layer can be recrystallized by
10~7 duratfon laser pulses with the proper power density.

This experiment also provides us with some gudielines in selecting

the proper laser power levels for evaporation and in situ annealing.

e iy e W g 7 . S 75 T MO 83 M T PR L AR AR A 608K

2,2.4  Results on Laser Annealing

In the previous section, we reported that under proper conditions,
amorphous HgCdTe can be recrystallized by pulsed laser {irradiation. We
deposited a HgCdTe fiIm on a <111> CdTe substrate at low substrate temperature
(130°C). The f1Im did not show any x-ray diffraction pattern indicating its

amorphous nature. We then scanned this film with laser pulses for anneal-
ing. The laser beam was slightly out of focus, so that the power density at
the center was ~ 8 x 107 u/cm2 and a circular region around 1t with diameter

25
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of 0.15 mm had a power density of 1.2 x 107 W/cm® at the edge which is the
threshold level for melting. The film was less than 1 um thick so the entire
thickness would be melted during irradiation. The experiment was carrfied out
in a vacuum at room temperature. Surface morphology of the film before and

after the laser irradiation is shown in Fig. 9a,b for comparison. Before

Jaser annealing, the surface was covered with some embedded microparticles and
otherwise featureless. After laser annealing, with an exception of a small
spot at the center where evaporation took place, all other areas showed a
smooth surface. The surface also showed a pattern of triangular lines
characteristic of the <111> crystal orientation. Laue x-ray reflection of the

annealed film indicated that it was a single crystal in the <111> direction.

In order to examine the origin of these triangular pattern lines, we
took the laser annealed sample and etched away the HgCdTe film to expose the
CdTe substrate. Under optical microscopic observation, these lines were still
clearly visible and extended deep into the substrate surface similar to
cracks. We irradiated another piece of CdTe substrate under the {dentical
condition, there was no change on the surface. This was expected since CdTe
was transparent at 1.06 um wavelength., Therefore, these cracks were caused
indirectly by the HgCdTe film above 1t. One possibility is the direct heat
flow from the HgCdTe fiIm Into the substrate causing thermal damage. Another

explanation {s that the radiation power heated up the HgCdTe film to a very
high temperature while the CdTe, being transparent, was at a relative low

temperature. Therefore, a large thermal mismatch at the interface could

result in strains and cracks. This suggests that in the {in situ laser

26 ! A
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(a) BEFORE LASER ANNEALING

(b) AFTER LASER ANNEALING

Fig. 9 Surface morphology of a laser evaporated film before and
after laser annealing.
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annealing operation, it would be necessary to raise the substrate temperature

R et

as high as possible to avoid this problem.

-

2.2.5 The Use of Pressed Powder Sample

A ons Ao
i

A1l previous results were based on the use of bulk HgCdTe for

evaporation. Their availability is 1imited and do not have the quality P

4T i

control from sample to sample. In a recent study of the sputtering deposition
of HgCdTe thin film, it was reported the use of homogenized HgTe and CdTe

ig powder as sputtering source.5 1t yielded results comparable to those using

| bulk source material. We decided to take the similar approach. HgTe
(99.995%) and CdTe (99.999%) from Gellard-Schlesinger Chemical Co. were

QIS4 o b R R

used. The powdered materials had a particle size of 3 um or less. Mixtures
with a composition of 78% HgTe and 22% CdTe Qere pressed into 1.3 cm diameter
pellets under a pressure of 3. Ton/cm2. The pellet was then mounted onto the
source holder and the chamber was evacuated. The pellet was outgasssed at

110°C in a 107 torr vacuum overnight before deposition. The outgas procedure

T3 £ o TN T T T Y

was necessary to drive out the air bubbles trapped between the microparticles

but 1t might have side effects since at 110° for a period of many hours HgTe
could decompose. Our results showed that even this procedure did not complete
outgas the source pellet, splashing problem was still very serfous. This was
caused by the explosion of the trapped air bubbles. We have purchased a new
die for better pellet preparation. The new die is evacuable so the trapped
air can be removed during pressing. It can also withstand a much higher ¥
pressure of 10 Ton/cn?. thus reducing the dead space.

28 3§
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3.0 FUTURE PLANS g,
: :
é Our future plans for the next six months period are: ;
ﬂ 1. To solve the problems of using powder mixture as evaporation §

source and to grow thick (5 um) films.

e

2. To characterize the films electrically and crystallographically

and to use the information for growth optimization.
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